Rationale Cognitive flexibility is a key component of executive function and is disrupted in major psychiatric disorders. Brain-derived neurotrophic factor (BDNF) exerts neuromodulatory effects on synaptic transmission and cognitive/affective behaviors. However, the causal mechanisms linking BDNF hypofunction with executive deficits are not well understood. Objectives Here, we assessed the consequences of BDNF hemizygosity on cognitive flexibility in mice performing an operant conditioning task. As dopaminergic-glutamatergic interaction in the striatum is important for cognitive processing, and BDNF heterozygous (BDNF +/− ) mice display a higher dopamine tone in the dorsal striatum, we also assessed the effects of partial striatal dopamine depletion on task performance and glutamate release. Results BDNF +/− mice acquired discrimination learning as well as new rule learning during set-shifting as efficiently as wild-type mice. However, partial removal of striatal dopaminergic inputs with 6-hydroxydopamine (6-OHDA) impaired these cognitive processes by impeding the maintenance of a new learning strategy in both genotypes. BDNF mutants exhibited performance impairments during reversal learning, and these deficits were associated with increased perseveration to the previously acquired strategy. Partial dopamine depletion of the striatum reversed these cognitive impairments. Additionally, reduction in depolarization-evoked glutamate release noted in the dorsal striatum of BDNF +/− mice was not observed in 6-OHDA-infused BDNF mutants indicating normalization of glutamatergic transmission in these animals. Conclusions Our data illustrate that BDNF signaling regulates cognitive control processes presumably by maintaining striatal dopamine-glutamate balance. Moreover, aberrations in BDNF signaling may act as a common neurobiological substrate that accounts for executive dysfunction observed in multiple psychiatric conditions.
Introduction
Cognitive flexibility is the ability to update behavioral goals and maintain performance in the face of changing environmental demands. It is a key component of executive function, involving the adaptation of cognitive processing strategies and influencing judgment, problem-solving, and decision-making abilities in new and unexpected contexts. The integrity of segregated frontostriatal circuits is critical for cognitive flexibility (Ragozzino 2007; Balleine and O'Doherty 2010) , and disruption in these circuits may contribute to deficits in executive functions associated with various neuropsychiatric disorders such as schizophrenia Eisenberg and Berman 2010) , depression (Mega and Cummings 1994) , addiction (Kalivas and Volkow 2005 ), Huntington's disease (Lawrence et al. 1996) , and Parkinson's disease (Dirnberger and Jahanshahi 2013) . Therefore, delineation of neurobiological underpinnings of cognitive flexibility at the molecular and Sean X. Naughton and Brittney Yegla contributed equally to this work. system levels may provide insights into the neurocognitive endophenotype common to the psychiatric manifestations of multiple brain disorders and the underlying mechanisms that subserve it.
Brain-derived neurotrophic factor (BDNF) is a growthpromoting protein that signals through tropomyosin-related kinase B (trkB) receptor, activates intracellular signaling pathways to protect and differentiate neurons, and produces plastic changes in the brain (Huang and Reichardt 2001; Chao 2003) . This neurotrophin also exerts modulatory effects on synaptic transmission (Carvalho et al. 2008 ) and cognitive and affective/motivated behaviors such as spatial learning and memory (Mizuno et al. 2003) , fear memory (Minichiello 2009 ), emotionality and mood (Lindholm and Castren 2014) , and conditioned reward (Nestler and Carlezon 2006) . BDNF is implicated in multiple psychiatric disorders. For example, lower BDNF levels are reported in the plasma and CSF of first-episode psychotic patients (Pillai et al. 2010) . BDNF Val66met polymorphism produces memory impairments by disrupting activitydependent secretion of mature BDNF (Egan et al. 2003; Kambeitz et al. 2012) and increases the risk to develop schizophrenia, anxiety disorders, and depression (Notaras et al. 2015) . Long-term use of anti-depressants increased BDNF expression in postmortem brains of individuals suffering from major depressive disorder (Duman and Monteggia 2006) . Moreover, BDNF produced antidepressant-like effects in animal models of depression (Shirayama et al. 2002; Hu and Russek 2008) , and BDNF heterozygous mice showed a depression-like phenotype when exposed to stress (Duman et al. 2007; Carola and Gross 2010) . Additionally, dysregulation of BDNF signaling in the reward circuitry is hypothesized to underlie addiction-related behaviors (Bolanos and Nestler 2004; Kalivas and O'Brien 2008) . Despite considerable evidence that suggests a possible association between deficient BDNF signaling and diverse behavioral symptoms of neuropsychiatric disorders (Autry and Monteggia 2012) , the causal mechanisms linking BDNF and executive dysfunction, which constitutes a core cognitive symptom of these disorders, remain poorly understood.
There is substantial evidence that points toward aberrations in dopaminergic and glutamatergic transmission in major psychiatric disorders (Howes and Kapur 2009; Volkow et al. 2010; Moghaddam and Krystal 2012; Sanacora et al. 2012) . The dorsal striatum receives converging glutamatergic inputs from the cortex and dopaminergic inputs from the midbrain regions (Haber et al. 2000) . Moreover, a growing body of evidence suggests that the dorsal striatum may be critical for cognitive flexibility (Cools et al. 2006; van Schouwenburg et al. 2012) . Activity-dependent release of dopamine was enhanced by exogenous BDNF administration in the striatum (Goggi et al. 2002) . BDNF heterozygous mice that possess 50 % reduced BDNF protein exhibited higher dopamine tone in the dorsal striatum (Bosse et al. 2012; Birbeck et al. 2014) . BDNF is essential for long-term potentiation in the dorsal striatum (Jia et al. 2010) . Moreover, we recently demonstrated that intracranial infusions of BDNF in the dorsal striatum facilitated strategy set-shifting in mice in an inverted-U manner, and these effects were associated with parallel changes in striatal glutamatergic transmission (D'Amore et al. 2013) . Therefore, modulation of corticostriatal dopaminergicglutamatergic interactions by endogenous BDNF signaling may influence cognitive flexibility. In the present study, we assessed the consequences of BDNF hemizygosity on cognitive flexibility in mice performing an operant conditioning task. As optimal dopamine signaling is critical for cognitive flexibility (Floresco 2013) , we also assessed the effects of partial striatal dopamine depletion on task performance in BDNF heterozygous mice. Lastly, the impact of genotype and dopamine manipulation was examined on striatal glutamatergic transmission.
Methods

Animals and genotyping
Breeding pairs of congenic mice with a heterozygous deletion of the BDNF gene and their wild-type siblings (Bdnf tm1Jae, stock no. 002266) were obtained from the Jackson Laboratory (Bar Harbor, ME) and backcrossed for three generations in our facility. Prior to arrival at Temple, the transgenic mice were maintained on a C57BL/6J genetic background for six generations at Jackson. Genotyping was conducted from tail DNA with PCR using the following primers: 5′-ATG AAA GAA GTA AAC GTC CAC-3′ (common), 5′-CCA GCA GAA AGA GTA GAG GAG-3′ (wild-type reverse), and 5′-GGG AAC TTC CTG ACT AGG GG-3′ (reverse). The amplification products were 275 bp for the wild type (BDNF +/+ ) and both 275 and 340 bp for the heterozygous (BDNF +/− ) mice (Fig. 1a) . Eight-week-old BDNF +/+ and BDNF +/− mice of either sex were housed individually in clear plastic cages under controlled conditions (12-h light/dark cycle; 25°C temperature) and progressively water-restricted to 5 min of water per day. Single housing was adopted so that each animal is restricted to the same amount of water intake per day. Since all mice used in the study were single housed prior to behavioral training and testing, any impact that single housing might have produced on the behavioral outcome was considered to remain similar to both genotypes. All behavioral training and testing took place 7 days/week between 9:00 and 16:00 h. At the completion of each behavioral session, mice received 5 min of water in addition to sweetened water received as a reward for each correct response (see below). Food (PMI LabDiet) was available ad libitum throughout the experiment.
Mouse operant cognitive flexibility task
Mouse modular operant conditioning chambers (MED Associates; St. Albans, VT, USA) equipped with a standard grid floor and house light (28 V, 100 mA), and a panel consisting of two large cue lights (2.5 cm; 28 V, 100 mV), a central reward port attached to a fluid dipper, and two ultrasensitive retractable levers were used. Control of all events, including light presentation, lever operations, and reward delivery, utilized a SmrtCtrl interface running MED-PC IV software on Dell PC (Optiplex 960).
Mice were trained in an automated operant cognitive flexibility task for mice as described previously in our studies (Cole et al. 2015; D'Amore et al. 2013; Ortega et al. 2013 ). This task places heavier emphasis on response conflicts and shares features similar to the operant conditioning tasks previously established to assess cognitive flexibility in rodents (Floresco et al. 2008; Haluk and Floresco 2009; Brigman et al. 2010; Scheggia et al. 2014 ) and the Wisconsin Card Sorting Task in humans (Monchi et al. 2001) . Briefly, animals were autoshaped on a FR-1 schedule of reinforcement to acquire the lever press response and subsequent reward (10 μL of 0.066 % saccharin solution). After attaining at least 30 lever press responses with a 30-min session, animals were advanced to a pretraining phase where each trial consisted of a lever presentation (either left or right) for 10 s. Each lever press response was rewarded and terminated the lever. Trials were presented with an inter-trial interval (ITI) of 9 ± 3 s. An omission was scored if no lever press response occurred within 10 s and the ITI was reinstated. To control for any novelty effect that might be associated with the visual stimulus during the subsequent stage of the task, the activated lever was randomly associated with an unpredictably occurring illumination of the panel light. After reaching criteria (30 rewards and ≤20 % omissions for three consecutive days), animals underwent stereotaxic surgeries for striatal infusions of either vehicle or 6-hydroxydopamine (6-OHDA) and maintained on the pretraining phase following recovery for 1 week so that the neurotoxin could exert its maximal effect prior to the behavioral testing on all phases of the cognitive flexibility task (see BStereotaxic surgeries and experimental design^section).
Mice that retained criterion following recovery were progressed sequentially to all three phases of training and testing in the cognitive flexibility task, visual discrimination, +/+ and BDNF +/− mice were initially autoshaped and then pretrained to press an activated lever within allotted time to receive reinforcement. Animals that reached pretraining criterion received bilateral infusions of either 6-OHDA or vehicle into the dorsal striatum (see BMethods^section). Following recovery, mice were trained to retain pretraining criterion. Mice remained at pretraining phase for an additional 7 days following which they progressed to subsequent stages of the task, i.e., visual discrimination, strategy set-shifting, and reversal learning. The total number of days required to complete behavioral testing for all three phases of the task varied between 20 and 27 days across all animals. After completion of behavioral testing, the brains of the animals were removed and examined for striatal tyrosine hydroxylase (TH) protein expression either via quantitative immunohistochemistry or immunoblotting. c Illustration depicting the task stages and error analysis. During visual discrimination phase, mice were required to press the lever associated with the stimulus light that illuminated above it. Incorrect responses on levers not paired with visual cue were scored as an error. Strategy set-shifting entailed a shift from visual cue-to egocentric spatial cue-based strategy. During this phase, the animals were required to press the lever always located at one side (e.g., right in this case) regardless of the position of the cue light. For set-shift to right, a left lever press was scored as an incorrect response (error). If the response was made while the cue light was illuminated above the incorrect lever, the errors were scored either as perseverative (≥60 % incorrect responses/ session) or regressive (<60 % incorrect responses/session). An incorrect lever press in the presence of cue illuminated on the opposite side (left in this case) was scored as never-reinforced error. Both regressive and neverreinforced errors served as an index of animals' ability to execute a new learning strategy and were categorized as learning errors. For reversal learning, the animals were required to always press the lever on the opposite side of the previously reinforced lever (left lever for set-shift to right assignment) to attain a reward. Incorrect responses on ≥60 % trials/ session were scored as perseverative errors. Regressive errors for reversal learning phase occurred when the mice made incorrect responses on <60 % trials in a session and were categorized as learning errors strategy set-shifting, and reversal learning (see Fig. 1b for schematic diagram of experiment). During the visual discrimination phase, mice were required to discern the lever with an activated cue light. The session began with the illumination of the house light and presentation of 30 trials with an ITI of 9 ± 3 s. All trials were started with the illumination of 7-s visual cue (either from the left or right panel), followed by the presentation of both levers 2 s later. Levers were present for 5 s and both the stimulus light and levers were co-terminated. A lever press response on the cued lever was scored as a Bcorrect response^and was followed by reward delivery. Responses on the incorrect lever were not rewarded and resulted in a Btimeout^(punishment) phase characterized by a 10 s extinguishing of the house light. Punishment on incorrect responses was introduced to discourage indiscriminate responding to levers. It is important to note that the ITI and punishment durations used for this study were selected to allow the animals to clearly distinguish between correct trials (i.e., reward + ITI) and incorrect trials (i.e., time-out + ITI). The house light remained illuminated throughout the entire session except for the punishment phase. Animals trained to criterion (80 % correct responses for three consecutive days) were advanced to the next phases of training.
During the set-shifting phase, experimental parameters remained identical to the previous phase except that the contingencies were altered in such a way that the animals were required to adopt an egocentric response strategy to achieve rewards. Animals were required to press the correct lever (either left or right; lever assignment was counterbalanced within a group) to earn a reward irrespective of cue presentation which remained pseudorandom. Animals that successfully attained criterion at this stage of training were moved to the reversal learning phase. During this phase of training, the proprioceptive rule was reversed; animals were required to press the lever opposite to the one assigned to them during the preceding phase (set-shifting) regardless of the position of the activated cue light. Daily training on 30-trial sessions continued until the animals attained criterion by exhibiting ≥80 % correct responses for three consecutive days on both the strategy set-shifting and reversal learning phases of the task. It is important to note that the operant conditioning task to assess cognitive flexibility in mice is an incremental learning task that takes several days to attain criterion. Therefore, criterion performance for different phases could not be assessed based on a single-session performance but rather stable performance over multiple sessions as reported previously for rodents (Brigman et al. 2008; Haluk and Floresco 2009; Oualian and Gisquet-Verrier 2010) .
Behavioral measures
The number of correct responses, errors, omissions, response latencies, and reward retrieval latencies was obtained for each behavioral session. Response accuracies were calculated for each session using the formula correct responses/(correct + incorrect responses) × 100. The total number of performed trials to criterion, errors to criterion, and omissions were obtained for each training phase using the above described criteria. A cartoon illustrating the rules of the cognitive flexibility task and different types of errors is presented in Fig. 1c . As the visual discrimination was the first stage of the task, there was no preceding phase at which the animals could perseverate. So, any incorrect response (pressing a lever not associated with a cue) was scored as an error. The strategy setshifting and reversal learning performance were characterized by distinguishing whether an incorrect response occurred due to the perseverance of a previously learned strategy or failure to acquire/maintain a new strategy as described previously (D'Amore et al. 2013; Floresco et al. 2008; Ortega et al. 2013) . For this analysis, errors were classified either as perseverative or learning errors. A perseverative error occurred if the animal responded to the incorrect lever when the visual cue was illuminated above it on ≥60 % of trials within a session. For example, if the animal was set-shift to right lever and pressed the left lever in ≥9/15 of performed trials when the visual cue was presented from the left side, the error was scored as perseverative. Depending on the performance in the preceding session, an error was scored as a regressive error if the animal made <60 % incorrect responses by pressing the left lever paired with the cue in subsequent sessions. At this point, the animals were making fewer errors and considered to be inhibiting the previously learned strategy and acquiring the new strategy. Never-reinforced errors occurred when the animal responded on the incorrect lever while the visual cue was presented from the opposite side. While a regressive error might mean that the animals' perseveration to the previous choice pattern is ceasing, a never-reinforced error reflects that the animals are trying to explore an alternate strategy that might be different from the visual discrimination as well as set-shifting phase. For strategy set-shifting, both regressive and never-reinforced errors were considered as learning errors as they reflected acquisition of a new learning strategy to optimize performance (Fig. 1c) . Errors during the reversal learning phase occurred when the animal responded to the same lever that provided reward during the strategy setshifting phase. Reversal errors were classified as perseverative if the animals made ≥60 % presses (typically ≥18/30 of performed trials) on the incorrect lever. If the animals made <60 % incorrect responses, errors were scored as regressive in all subsequent sessions. Since the reversal learning phase followed the strategy set-shifting phase, the animals already learned to ignore the visual cue. Pressing the incorrect lever in the absence of the cue above it would not be considered neverreinforced in this situation because the animals knew that the cue did not have significance based on the previous stage of the task. Therefore, for reversal phase of the task, the learning errors consisted of regressive errors only. Learning errors for both the strategy set-shifting and reversal learning phases were estimated by subtracting the perseverative errors from the total errors for the respective phase of the task.
Stereotaxic surgeries and experimental design
Wild-type and BDNF mutant mice trained to criterion at the pretraining phase (above) were randomly assigned either to the vehicle or 6-OHDA injection group (N = 7-10/genotype/ manipulation; total N = 36; 12 male and 7 female BDNF +/+ and 10 male and 7 female BDNF +/− ). All surgeries were conducted in isoflurane-anesthetized mice under aseptic conditions. 6-OHDA hydrobromide (Sigma Chemical Co., St. Louis, MO) solution was prepared in a vehicle consisting of 0.2 % ascorbic acid in saline. BDNF +/+ (N = 9) and BDNF +/− (N = 7) mice received bilateral infusions of 6-OHDA (2 μg/ μL; 4 μL/hemisphere) into the dorsal striatum (A/P +1.0, M/L ±1.7, and D/V −3.0) to produce restricted loss of striatal dopaminergic fibers. Control animals of either genotype received vehicle (saline containing 0.2 % ascorbic acid) infusions (BDNF +/+ N = 10 and BDNF +/− N = 10). All infusions were made at a rate of 1 μL/min using a 10-μL Hamilton syringe, and the injection needle was left in place for 4 min prior to retraction to prevent reflux. Desipramine (20 mg/kg, i.p.; Sigma) was injected to all animals 30 min prior to surgeries to protect noradrenergic terminals from the toxic effects of 6-OHDA. For each manipulation, BDNF +/+ mice were littermate controls for BDNF +/− mice. After a 2-day recovery period, animals were placed back on the pretraining phase of the task to regain criterion performance. Mice remained at this phase for an additional 7 days for maximal lesion effect following which they progressed to subsequent stages of the task, i.e., visual discrimination, strategy set-shifting, and reversal learning (see schematic in Fig. 1b) . The total number of testing sessions varied between 20 and 27 sessions across animals. At the completion of behavioral testing, animals' brains were examined for tyrosine hydroxylase (TH) protein expression either via quantitative immunohistochemistry or immunoblotting.
TH immunohistochemistry
A n i m a l s ( N = 4-6 / g e n o t y p e / m a n i p u l a t i o n ) w e r e transcardially perfused with 4 % paraformaldehyde, and the brains were removed, postfixed, and cryoprotected. Randomly sampled serial coronal sections (50 μM) from the rostral-caudal extent of the dorsal striatum (0.5-1.5 mm anterior to bregma) were incubated overnight with a monoclonal anti-TH antibody (1:1000; EMD Millipore, Billerica, MA). Slices were rinsed in 0.05 M TBS with 1 % Triton X-100 and incubated in biotinylated goat anti-mouse IgG (EMD Millipore) for 2 h followed by streptavidin-horseradish peroxidase for 1 h. Staining was developed with 3,3′-diaminobenzidine in the presence of 0.01 % nickel ammonium sulfate. All sections were visualized using a Leica microscope (Leica Microsystems Inc., Buffalo Grove, IL; model DM4000B). Images were captured using the DFC 425C digital camera and Leica Application Suite image acquisition system. To analyze the extent of the 6-OHDA lesion, optical density (OD) measures were obtained from the striatum as described previously (Tripanichkul and Jaroensuppaperch 2013) . Briefly, images were captured at 2.5× magnification and OD measurements were conducted using NIH Image J. Images were converted to an 8-bit file and the pixel value was converted to an uncalibrated OD measure via the equation log 10 (255/pixel value). OD measurements were then calibrated against the cortex and corpus callosum by subtracting the background values. Average OD values were based on analyses from both hemispheres of three sections per animal.
Western blotting
Mice (N = 3-6/genotype/manipulation) were decapitated and striatal tissues were collected and homogenized using 50-mM HEPES NaOH buffer. Proteins were separated using 4-15 % Tris-HCl polyacrylamide gels, transferred to PVDF membranes, and probed with a mouse anti-TH antibody (1:2000 dilution; EMD Millipore). Blots were developed using a peroxidase-conjugated secondary antibody (GE Healthcare, Mickleton, NJ) and SuperSignal West Femto chemiluminescent substrate (Life Technologies, Grand Island, NY). Images were captured using Molecular Imager Chemidoc EQ system (Bio-Rad, Hercules, CA). β-tubulin served as a gel-loading control and detected using a mouse anti-β-tubulin antibody. Densitometric analysis was performed by calculating the integrated pixel densities using NIH Image J software. Blot densities were normalized to the levels of β-tubulinimmunoreactive bands for each sample assayed in duplicate.
In vivo amperometric recordings
A separate cohort of naïve mice were used for amperometric recordings of striatal glutamate transmission. Briefly, ceramicbased microelectrodes (Center for Microelectrode Technology, Lexington, KY), featuring an array of four (15 × 333 μm) platinum recording sites arranged in pairs (upper and lower) were coated with recombinant L-glutamate oxidase (EC 1.4.3.11; US Biologicals) and calibrated for glutamate sensitivity as reported earlier (D'Amore et al. 2013; Parikh et al. 2008 Parikh et al. , 2010 Parikh et al. , 2014 . The enzyme was cross-linked with the bovine serum albumin (BSA)-glutaraldehyde mixture and immobilized onto the bottom pair of recording sites. The upper two recording sites were coated only with the BSA-glutaraldehyde solution and served to record background activity. Microelectrodes that displayed a sensitivity of ≥3 pA/μM and limit of detection ≤500 nM for glutamate were subsequently used for in vivo recordings. BDNF +/+ (N = 4) and BDNF +/− (N = 3) mice received unilateral infusions of 6-OHDA into either the right or left dorsal striatum 4 weeks prior to in vivo recordings. Infusion of vehicle into the contralateral hemisphere of the same animal served as within-animal control. Microelectrodes were implanted into the dorsal striatum of urethane-anesthetized mice.
Recordings were made at a frequency of 2 Hz and data were digitized using a FAST-16 recording system (Quanteon, Nicholasville, KY). Experiments began after stabilization of the baseline current for 60 min. Currents were recorded for a period of 2 min for basal glutamate measurements. Depolarization-evoked glutamate release was induced by locally applying brief pulses of potassium (KCl 70 mM; 50 nL) using a picospritzer (ALA Scientific Instruments, Farmingdale, NY, USA). Amperometric recordings were conducted in both hemispheres with side counterbalanced for 6-OHDA manipulation across animals within each genotype. Basal glutamate levels were measured by the selfreferencing procedure that involves subtraction of the background current on sentinel channels from the currents recorded on glutamate-sensitive channels as described previously (Stephens et al. 2010) . For this analysis, currents measured over 2-min period following the baseline stabilization period were averaged on all channels. Potassium-evoked glutamate signals were analyzed with respect to peak amplitudes and signal decay rate (t 80 ; time required for the signal to decline by 80 % from peak amplitude). Self-referencing was adopted to eliminate any artifacts due to background noise levels or local drug application based on previous studies (D 'Amore et al. 2013; Parikh et al. 2010) . The averages of two responses per drug manipulation per animal were used for statistical analysis.
Statistics
Statistical analysis was performed with SPSS/PC + V21.0 (IBM SPSS Software, Armonk, NY). Data for trials to criterion, errors to criterion, error types, omissions, correct and incorrect response latencies, and neurochemical measures were analyzed using two-way ANOVA using genotype (two levels, BDNF +/+ and BDNF +/− ) and manipulation (two levels, vehicle and 6-OHDA) as between-subject variables. As a priori analysis did not indicate a main effect of sex or sex × genotype interaction on any behavioral measure, data between sexes were aggregated across all groups to increase the statistical power. However, it must be noted that the chance of observing gender differences would be limited with small sample sizes by sex for each genotype and therefore should not be entirely ruled out. Learning analyses were conducted by comparing response accuracies for the first five training sessions using mixed-factor repeated-measure ANOVA. Post hoc tests were applied where necessary using Bonferroni corrections for multiple comparisons. For all statistical tests, p values <0.05 were considered significant.
Results
Striatal dopamine depletion
The impact of intrastriatal 6-OHDA infusions on striatal dopamine (DA) depletion was assessed by examining tyrosine hydroxylase expression in mice. Semiquantitative analysis of striatal TH immunoreactivity revealed a significant reduction in OD measures in the lesioned mice (main effect of manipulation F (1,14) = 38.97, p < 0.001; Fig. 2a ). Although OD values were pooled from both hemispheres, a separate analysis revealed no hemispheric differences in TH immunoreactivity (p = 0.68), indicating that the effect of manipulations was similar in both hemispheres. Likewise, immunoblot analysis showed reduced TH protein densities in the 6-OHDAinfused mice (F (1,14) = 8.91, p = 0.01; Fig. 2b ). On average, the loss of TH expression determined by immunohistochemistry was 46.93 ± 4.99 % and estimated by immunoblot detection was 53.27 ± 3.09 %, and TH reduction observed by the two measures did not differ (F (1,14) = 0.84, p = 0.38). These data illustrate that 6-OHDA concentration used in the present study produced partial DA depletion in the dorsal striatum in mice and is in line with previous studies (Branchi et al. 2010; Zurkovsky et al. 2013) . As noted in TH-stained slices (Fig. 2a) , it appears that some of the immunotoxin might have diffused into the ventral striatal regions such as nucleus accumbens. Therefore, partial denervation of dopaminergic terminals reported in our study is not restricted to only dorsal striatum but might have spanned the entire striatum. Genotypic differences in striatal TH expression were not observed either by immunohistochemistry (F (1,14) = 2.84, p = 0.11) or immunoblotting (F (1,14) = 0.01, p = 0.92). Moreover, the effects of 6-OHDA manipulation did not interact with the genotype (manipulation × genotype interaction F (1,14) < 0.05, p > 0.77 for both measures).
Partial dopaminergic deafferentation of the striatum and discrimination learning
Mice with intrastriatal 6-OHDA infusions required a higher number of trials to attain visual discrimination criterion as compared to vehicle-treated mice (main effect F (1,28) = 11.56, p = 0.002; Fig. 3a ). Trials to criterion remained similar between the BDNF +/+ and BDNF +/− mice (main effect of genotype F (1, 28) = 0.01, p = 0.94), and no interactions between genotype and 6-OHDA manipulation were observed (F (1,28) = 0.27, p = 0.61). Repeated-measure ANOVAs conducted on response accuracies for the first five behavioral sessions show a main effect of training illustrating effective discrimination learning (F (4,128) = 15.42, p < 0.001). Dopamine depletion significantly reduced response accuracies (F (1,32) = 13.93, p = 0.001; Fig. 3b ), and this effect interacted with training sessions (manipulation × training interaction F ( 4 , 128) = 5.22, p = 0.001). One-way ANOVA shows that response accuracy was significantly lower on days 1, 3, 4, and 5 of training in the 6-OHDA-infused mice (all p < 0.05; Fig. 3b ). In general, dopamine-depleted mice committed higher errors (F (1,28) = 14.63, p = 0.001; Fig. 3c ), which may explain diminished efficiency for discrimination learning in these animals. Response accuracies and errors to criterion remained similar between BDNF +/+ and BDNF +/− mice (main effect of genotype, both p > 0.76), indicating that partial deafferentation of striatal dopaminergic terminals impaired visual discrimination learning irrespective of the genotype. Mice infused with 6-OHDA also omitted more trials as compared to the vehicle-infused animals (main effect of manipulation F (1, 28) = 6.11, p = 0.02; Fig. 3d ), and this measure was not influenced by BDNF hemizygosity (main effect of genotype F (1,28) = 0.16, p = 0.69). Average latencies for correct and incorrect responses did not differ between vehicleand 6-OHDA-infused mice (vehicle 0.72 ± 0.03 s correct, 0.93 ± 0.06 s incorrect; 6-OHDA 0.85 ± 0.03 s correct, 0.92 ± 0.04 s incorrect; both F (1,28) < 1.25, p > 0.27). Moreover, we neither found a main effect of genotype nor a genotype × manipulation interaction for both latency measures (all main effects and interactions F < 0.72, p > 0.41).
Effects of BDNF hemizygosity and striatal dopamine depletion on strategy shifting
Trials to criterion on the set-shifting phase of the task were profoundly higher in animals that underwent 6-OHDA manipulation (main effect F (1,28) = 8.56, p = 0.007; Fig. 4a ). Partial deletion of the BDNF gene did not impact this measure (main effect F (1,28) = 3.67, p = 0.07) and the effects of manipulation did not interact with the genotype (F (1,28) = 0.57, p = 0.46). Response accuracy analysis revealed sessiondependent learning rates across all groups (F (4,128) = 159.49, p < 0.001). Learning rates remained unaffected by the genotype (main effect of genotype (F (1,32) = 0.36, p = 0.55; training × genotype interaction F (4,128) = 0.57, p = 0.68) but were impacted by the manipulation; 6-OHDA-infused animals took longer to acquire the task (training × manipulation interaction F (4,128) = 5.02, p = 0.001). One-way ANOVA showed that dopamine-depleted mice exhibited reduced response accuracies during the later stages of the training (all p < 0.03 for training days 3-5; Fig. 4b ). Error analysis show that perseverative errors did not differ either by manipulation (F (1, 28) = 0.41, p = 0.53; Fig. 4c ) or genotype (F (1,28) = 1.24, p = 0.28). However, intrastriatal 6-OHDA infusions markedly increased learning errors which are related to the inability to maintain the new learning strategy and are observed at the later stages of task acquisition (F (1,28) = 9.05, p = 0.005; Fig. 4d ). Learning errors remained unaffected by the genotypes (main effect F (1,28) = 1.75, p = 0.19; genotype × manipulation interaction F (1,28) = 1.55, p = 0.22). Surprisingly, reaction time analysis showed reduced latencies for correct responses in both BDNF +/+ and BDNF +/− mice with partial loss of striatal dopaminergic inputs (main effect of manipulation F (1,28) = 4.61, p = 0.04; Fig. 4e ). It is possible that partial dopamine depletion of the striatum produced conditioning of the motor responses paired with the reward as reported previously (Jones and Robbins 1992) . However, the correct latencies for the 6-OHDA lesioned group during the set-shifting phase also remained significantly lower than correct latencies during the visual discrimination (p = 0.004). Since the effects of partial dopamine depletion on reaction times remained inconsistent between the two phases, we could not rule out that the decrease in this behavioral measure noted during the strategy setshifting phase occurred due to a chance. Incorrect response latencies and omissions remained unaffected by the genotype and manipulation (F (1,28) < 0.44, p > 0.50 for all main effects; Fig. 5 Effects of BDNF hemizygosity and striatal dopaminergic deafferentation on reversal learning. a Control BDNF mutants required a significantly higher number of trials to attain reversal criterion as compared to BDNF +/+ mice. However, trials to criterion remained significantly lower in 6-OHDA-infused BDNF mutants. b Learning curves for five reversal sessions depict a gradual increase in response accuracy with training in all groups. Mixed factor ANOVA showed a session × genotype × manipulation interaction. Post hoc comparisons revealed lower response accuracies during the second and third training sessions in vehicle-infused BDNF +/− mice as compared to both vehicleinfused BDNF +/+ mice and dopamine-depleted BDNF +/− mice, respectively. c BDNF +/− mice with intact striatal dopaminergic afferents committed higher perseverative errors, and this effect was not observed in 6-OHDA-infused animals. Bar charts for learning errors (d), response latencies (e), and omissions (f) illustrate no significant differences by genotype and manipulation and no interaction between the two factors. All data are mean ± SEM (*p < 0.05, **p < 0.01, ***p < 0.001 vs. vehicle-infused BDNF +/+ mice; # p < 0.05, ## p < 0.01 vs. 6-OHDAinfused BDNF +/− mice; all post hoc comparisons) Fig. 4e, f) , and there was no interaction between the two factors (p > 0.31 for both measures).
Partial dopamine depletion reduces reversal perseveration in BDNF heterozygous mice Figure 5 summarizes the main results of reversal learning data. A two-way ANOVA applied on the number of trials performed during the reversal phase of the task to attain criterion yielded a main effect of genotype (F (1,28) = 5.71, p = 0.02), a main effect of manipulation (F (1,28) = 4.53, p = 0.04), and a significant interaction between the two factors (F (1,28) = 6.15, p = 0.02). Post hoc analysis shows that vehicle-infused BDNF +/− mice required a higher number of trials to attain criterion as compared to BDNF +/+ mice that received a similar manipulation (p < 0.001; Fig. 5a ). Interestingly, trials to criterion remained significantly lower in 6-OHDA-infused BDNF mutants (p = 0.009 vs. vehicle-infused BDNF +/− mice; Fig. 5a ). However, this behavioral measure remained unaffected between the two genotypes following partial dopaminergic deafferentation (p = 0.87). Reversal learning data analyzed using a repeated-measure mixed factor ANOVA showed a main effect of training session (F (4,128) = 291.71, p < 0.001), no effect of genotype (F (1,32) = 0.68, p = 0.41) but a threeway interaction (training × genotype × manipulation F (4, 128) = 3.51, p = 0.009; Fig. 5b ). One-way ANOVA conducted to find the source of this interaction showed significant group differences during the second and third training sessions, respectively (both F (3,32) > 3.15, p < 0.05). Multiple comparisons showed reduced response accuracies in vehicle-infused BDNF mutants (p < 0.03 vs. wild types for both sessions; Fig. 5b ), indicating that these animals made more errors during the earlier stages of the reversal learning task. Error analysis further supported these results by showing that perseverative errors were significantly higher in BDNF +/− mice infused with vehicle as opposed to BDNF +/+ mice that received a similar treatment (genotype × manipulation interaction F (4, 128) = 4.92, p = 0.03; post hoc test p = 0.009; Fig. 5c ). Higher response accuracies for earlier training sessions and reduced perseverative errors were also observed in 6-OHDA-infused BDNF +/− mice as compared to BDNF mutants infused with vehicle (all p < 0.02; Fig. 5b, c) . Learning errors remained similar between the genotypes (F (1,28) = 0.01, p = 0.92) and manipulations (F (1,28) = 0.29, p = 0.58). Collectively, these results indicate that reduction in striatal dopaminergic inputs may reverse the detrimental effect of partial BDNF gene deletion on reversal learning. Correct and incorrect response latencies (Fig. 5e) and omissions (Fig. 5f ) during reversal learning were influenced neither by genotype (all p > 0.54) nor manipulation (all p > 0.14). Moreover, the two factors did not interact on these behavioral measures (all p > 0.17). It is possible that sensorimotor and motivational functions during rule reversal are not influenced by BDNF hemizygosity and partial dopamine depletion of the striatum. However, this interpretation remains speculative and more specific behavioral tests are required to confirm it.
Basal and depolarization-evoked glutamate release
The extracellular levels of glutamate in the dorsal striatum under baseline conditions in sham wild-type mice and sham BDNF mutants were 3.27 ± 0.49 and 3.47 ± 0.32 μM, respectively. Resting glutamate levels remained unaffected by the genotype (F (1,10) = 0.60, p = 0.45) or manipulation (F (1, 10) = 2.80, p = 0.12), and no interactions were observed between the two factors (F (1,10) = 0.05, p = 0.83). Local administration of potassium produced a robust increase in glutamate release that lasted 10-15 s (Fig. 6a) . The amplitude of (Hascup et al. 2008) , lower clearance of potassium-evoked glutamate signals observed in BDNF mutants may indicate alterations in glutamate transporters. It is unclear whether these biochemical changes represent a compensatory mechanism to restore glutamate signaling in these mice. 6-OHDA manipulation did not affect glutamate clearance (F (1,10) = 2.11, p = 0.18). Moreover, the effect of genotype on t 50 did not interact with the manipulation (F (1, 10) = 1.46, p = 0.26). Both resting and depolarization-evoked glutamate levels remained indifferent between the two hemispheres (F (1,13) < 2.68, p > 0.12).
Discussion
Visual discrimination requires selection of a goal-relevant stimulus that depends upon attentional processes (Muir 1996) . In the present study, the delayed acquisition of visual discrimination criterion in partial dopamine-depleted mice may indicate that fundamental attentional mechanisms are disrupted in these animals. This interpretation is in line with previous studies that documented the involvement of striatal dopaminergic signaling mediated via D1 and D2 receptors in the regulation of attention (Agnoli et al. 2013; del Campo et al. 2013) . However, we also observed higher omissions in these animals during the discrimination phase. Given the evidence that reduced dopamine transmission in the dorsal striatum impacts motivated behaviors (Palmiter 2008) , we cannot rule out that higher omissions observed in dopamine-depleted mice occurred due to less motivation to perform the task. However, 6-OHDA-infused mice did not omit more trials during the subsequent phases of the task, which might indicate that impairments in visual discrimination learning performance reflect disruption of attentional rather than motivational mechanisms. Lack of any effect of BDNF genotype on discrimination learning reflects that BDNF haplo-insufficiency does not affect stimulus processing and attentional functions.
Strategy set-shifting like extradimensional shifting entails higher-order cognitive processing when conditions demand learning about stimulus attributes (Ragozzino 2007) . This form of cognitive flexibility is different from the perceptual attentional set-shifting and plays heavier emphasis on response conflicts as the same set of stimuli is presented during both visual discrimination and set-shifting. In our paradigm, mice were required to learn the relationship between different stimulus components in different dimensions, inhibit response to lever paired with a visual cue that previously predicted reward and use egocentric spatial location to respond to the lever to attain reinforcement. As the animals are still required to shift attention from one stimulus dimension (visual cue) to a different dimension (spatial cue; correct lever either left or right), the strategy set-shifting engages attentional setshifting as a component process as reported previously in tasks with a similar set of rules (Floresco et al. 2006; Haluk and Floresco 2009; Ragozzino 2007) . BDNF +/− mice switched to a new response strategy as efficiently as BDNF +/+ mice. It is noteworthy that although exogenous BDNF infusions into the dorsal striatum facilitated strategy set-shifting in our previous study, blockade of trkB receptors in this brain region per se did not affect this form of cognitive flexibility (D'Amore et al. 2013 ). Therefore, it is possible that endogenous BDNF signaling may not be critical for extradimensional shifting under baseline conditions. However, we could not rule out the possibility of the presence of compensatory processes which might have been triggered by partial knockout of BDNF gene and provided a rescue of cognitive deficits in BDNF +/− mice (discussed further below). Striatal dopamine signaling is implicated in cognitive flexibility (Klanker et al. 2013) . Restricting dopamine signaling to the dorsal striatum or moderate loss of dopaminergic projections to this brain region impaired acquisition of the strategy shifting in a cue-based water escape task in mice (Darvas and Palmiter 2011; Darvas et al. 2014) . Systemic administration of sulpiride, a dopamine D2 receptor antagonist, impaired extradimensional set-shifting in human subjects (Mehta et al. 2004 ). Moreover, a human PET imaging study reported reduced D2 receptor binding in the dorsal striatum during the planning of set-shift in subjects performing the Montreal Card Sorting Task (Monchi et al. 2006) . These studies are in strong support of our findings that partial elimination of dopaminergic inputs in the dorsal striatum impair strategy switching in our operant conditioning paradigm. However, we cannot conclude that the observed effects might have occurred merely due to the disruption of D2 receptor signaling as D1 receptors are also implicated in set-shifting (Agnoli et al. 2013; Nikiforuk 2012) . Therefore, it is likely that aberrations in both D1 and D2 receptor signaling might have contributed to the detrimental performance effects in our study.
Reversal learning represents a lower-order rule learning process, as it involves a change in exemplar but not a category, and is used to measure the ability to suppress reward-related responding in the presence of conflicting response alternatives. BDNF +/− mice with intact striatal dopaminergic terminals displayed robust impairments in performance when the stimulus-reward contingencies were reversed. These impairments were associated with increased prepotent responding to the previously rewarded stimulus (higher perseverative errors) reflecting disruption in inhibitory control processes. It is important to note that BDNF hemizygosity per se did not affect discrimination learning and strategy switching. This may indicate that performance deficits observed in vehicle-infused BDNF +/− mice were specific for the reversal condition and not due to an overall impairment of the learning of task using the proprioceptive condition. The ability of striatal terminals to release glutamate following a depolarization stimulus was also found to be lower in these animals. Extensive evidence indicates that glutamate signaling is important for reversal learning. For example, mice either with a genetic deletion of the NMDA NR2A subunits or partial deletion of vesicular glutamate transporter exhibited deficits in reversal learning (Brigman et al. 2008; Granseth et al. 2015) . Additionally, the administration of ADX47273, a metabotropic glutamate receptor 5 allosteric modulator, facilitated spatial reversal learning (Xu et al. 2013 ). Thus, reversal learning deficits observed in BDNF +/− mice may plausibly be linked to dysregulated glutamate transmission in the dorsal striatum.
However, we did not observe reversal learning deficits in the 6-OHDA-infused wild-type mice. Moreover, partial removal of striatal dopaminergic inputs reduced response perseveration to the previously acquired strategy in dopamine-depleted BDNF +/− mice as compared to BDNF mutants with intact dopaminergic inputs. Activation of dopamine D2 receptors increased perseverative responding in the reversal learning tasks (Boulougouris et al. 2008; Lee et al. 2007) , illustrating that optimal activation of these receptors may be critical in preserving the ability to switch behavior in response to changes in reinforcement contingencies. As indicated earlier, BDNF hemizygosity elevated tonic dopamine levels in the dorsal striatum (Bosse et al. 2012) . Moreover, D2 receptors have a high affinity for dopamine allowing them to be activated by tonic dopamine (Goto et al. 2007 ). Thus, it is conceivable that partial dopamine depletion in these mice would have restored reversal learning performance by normalizing tonic dopamine levels and D2 receptor activation. However, the involvement of D1 receptors in these behavioral changes could not be entirely dismissed as activation of these receptors is also known to produce reversal learning impairments (Izquierdo et al. 2006) . The occupancy of D1 receptors is highly influenced by burst firing of dopaminergic neurons (Dreyer et al. 2010) . Since BDNF +/− mice are shown to exhibit suppressed release of phasic dopamine in the dorsal striatum (Bosse et al. 2012) , it is less likely that activation of D1 receptors in this brain region might have produced increased response perseveration during reversal in these animals.
Corticostriatal synapses constitute the major pool of BDNF in the dorsal striatum (Altar et al. 1992) . Moreover, BDNF exerts neuromodulatory effects on striatal dopaminergic (Goggi et al. 2002) and glutamatergic transmission (Jia et al. 2010; D'Amore et al. 2013) , and a functional interaction between these neurotransmitter systems in the striatum is considered critical for the processing of cognitive and affective information (David et al. 2005) . As the tonic dopamine D2 receptor has been shown to reduce the activity of striatal output neurons by suppressing glutamatergic transmission (West et al. 2003) , performance deficits in this form of cognitive flexibility might have occurred as a consequence of striatal dopamine/glutamate imbalance. This view is supported by our amperometry data that show reduced depolarizationevoked glutamate release in the dorsal striatum of BDNF +/− mice and complete restoration of glutamatergic transmission following partial dopaminergic deafferentation in these animals. We did not find any changes in the basal glutamate levels between the genotypes which might have also been influenced by higher dopamine tone. There could be two potential explanations for this finding. First, it is possible that striatal dopamine negatively regulates glutamate release from corticostriatal terminals only in an impulse-dependent fashion as noted previously (Bamford et al. 2004 ). Since we did not observe any effect of partial dopaminergic deafferentation on depolarization-evoked glutamate release in the wild-type mice, this association is plausibly related to higher tonic dopamine and overstimulation of D2 receptors present on glutamatergic afferents as noted in BDNF +/− mice. Second, as the glial cells constitute a major source of extracellular glutamate under resting conditions (Moussawi et al. 2011) , compensatory glial activation in BDNF +/− mice might have possibly accounted for the lack of genotypic differences in basal glutamate levels.
It is interesting to note that despite glutamate aberrations in the dorsal striatum of vehicle-infused BDNF +/− mice, strategy shifting performance in these mice remained unaffected. There could be multiple interpretations for this observation.
(1) Elevated dopamine tone observed in the dorsal striatum of BDNF +/− mice reported earlier (Bosse et al. 2012 ) may be sufficient to maintain set-shifting performance despite disruptions in glutamate signaling in this brain region. (2) Glutamate signaling in the dorsal striatum may provide only limited support for strategy shifting. (3) Dopamine-glutamate interactions in the ventral striatum may be more important to maintaining higher forms of cognitive flexibility as opposed to the dorsal striatum. In this context, a recent study showed that infusions of AP5, a NMDA receptor antagonist, into the ventral striatum impaired strategy shifting (Ding et al. 2014) . A similar observation was reported by Haluk and Floresco (2009) when a D1 receptor antagonist was infused into the nucleus accumbens of rats. More importantly, set-shifting deficits observed in these studies were related to impediments in the execution of new learning strategies which were also observed in partially dopaminergic deafferented mice in the present experiment. It must be noted that some of the 6-OHDA did diffuse into the nucleus accumbens in our study (see BResults^section). As postsynaptic D1 receptors potentiate extrasynaptic NMDA receptor function in the striatum (Flores-Hernandez et al. 2002) , it is possible that the association between dopaminergic and glutamatergic mechanisms in the ventral striatum is imperative for the learning of new stimulus-reward associations during set-shifting, and these interactions are maintained in BDNF +/− mice. To conclude, our data illustrate that endogenous BDNF signaling modulates reversal learning presumably by maintaining striatal dopamine-glutamate balance. Moreover, normalization of striatal dopamine-glutamate imbalance that occurs as a consequence of BDNF hemizygosity restores reversal learning performance. Frontostriatal circuits involving discrete regions of the striatum regulate cognitive control and decision processes (Balleine et al. 2007) , and disruption in these cognitive processes is present in major psychiatric disorders (Mega and Cummings 1994; Kalivas and Volkow 2005; Floresco et al. 2009 ). Our findings add a critical piece of evidence that perturbations in striatal dopaminergicglutamatergic interactions produced by disrupted BDNF signaling may serve as a common molecular mechanism that links the homogenous cluster of behavioral/cognitive symptoms across these disorders. Further studies are required to determine the causality of these relationships by targeting BDNF in specific frontostriatal circuits in animals that model fundamental characteristics of psychiatric disorders.
